The moment arm lengths of trunk muscles such as the erector spinae and rectus abdominis to the lumbar vertebra and the cross-sectional areas of these muscles are biomechanical parameters for estimating low back load 1) . Many studies have tried to obtain precise values for these parameters [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Some of them analyzed the relationships between these parameters and physical data such as height and weight 4, 7, 9, 12) . Concerning the moment arm length of the erector spinae, for example, Reid et al. 4) found significant correlations with height and weight. McGill et al. 7) , but Tracy et al. 8) and Chaffin et al. 9) found no significant correlations. Kumar 6) denied the effect of age on moment arm length, but Chaffin et al. 9) commented that the moment arm length does slightly lengthen with age by comparing the results of various studies on different age groups. These inconsistent effects of age and physical data on biomechanical parameters may be due to the limited age group samples 9) or the use of simple linear equations that do not include the interactions between age and physical data. In this research, we analyzed the effects of age, height and weight on the moment arm length and cross-sectional area of the erector spinae and rectus abdominis by multiple regression analysis by using a high-order polynomial equation with the interactions. We then tried to establish more accurate equations for estimating these biomechanical parameters.
Subjects and Methods

Subjects
Taking part in the study were 152 male and 98 female volunteers leading healthy daily lives in Japan. None of the subjects had ever received medical treatment for back pain. Informed consent was obtained from each subject. The subjects ranged in age from 15 to 75 yr (mean ± standard deviation (SD): 36.2 ± 13.1 yr) for males and 16 to 65 yr (39.7 ± 9.9 yr) for females. Their height was from 150 to 187 cm (168.5 ± 6.3 cm) for males and 143 to 170 cm (155.5 ± 5.3 cm) for females. Their weight was from 47 to 94 kg (65.5 ± 9.2 kg) for males and 40 to 80 kg (54.4 ± 6.6 kg) for females. Their BMI (body mass index) was from 16.3 to 30.7 (23.1 ± 2.9) for males and 18.0 to 32.5 (22.5 ± 2.6) for females.
Methods
A transverse cross-sectional image of the trunk at the third to fourth lumbar vertebrae (L3/4) was taken with an MRI (MRP-20, Hitachi, Japan). From the resulting images, we manually measured both the right and left sides of the moment arm length and cross-sectional area of the muscles of the erector spinae and rectus abdominis based on the method of Reid et al. 5) . The moment arm length was defined as the anterior-posterior distance between the center of the muscle and that of the vertebral body. The centers of the muscle and vertebral body were the intersections of their long and short axes assuming their cross-sectional shape to be an ellipse. The crosssectional areas were measured with a planimeter (Planex 5, Tamaya Technics Inc., Japan).
Analyses
The average of the right and left moment arm length and that of cross-sectional area of each subject were calculated for the analysis. The Pearson's correlation coefficients of age, height and weight to the moment arm length and cross-sectional area were obtained to check the simple linear correlations. The estimating polynomial equation was made by using the following statistical model:
where, Y = moment arm length (cm) or cross-sectional area (cm 2 ) (average of the values for the right and left sides) A = age (yr) H = height (cm) W = weight (kg) i, j, k = integers from 0 through 3 C ijk = regression coefficient ε = error term of regression. To express the non-linear effects of independent variables on dependent variables, the original statistical model (1) should contain a higher order of independent variables. The maximum order for the model was limited to three, because the total number of terms for the model must be smaller than the number of samples (98 for females). Although the statistical model (1) contains 64 terms including one constant, the forward stepwise method for the multiple regression analyses selected only the effective terms. The F value for selecting terms was set to 4. StatView ver.5 (SAS Institute, USA) was used for the analyses.
Results
The basic statistics of the moment arm length and crosssectional area by gender and age class are shown in Table  1 . The Pearson's correlation coefficients between variables are shown in Table 2 . The estimating polynomial equations obtained by multiple regression analyses are shown in Table 3 .
As Table 2 shows, significant correlations were observed among age, height and weight. In addition, since some of the terms in the original statistical model (1) also had close correlations with other terms, the multiple regression analyses selected up to three effective terms, including the constant, as shown in Table 3 . For males, the equation of moment arm length contained all of the variables for age, height and weight, but those of crosssectional area contained only the variable for weight. The equations for females showed more complex results. The equation for moment arm length of the erector spinae contained all of the variables for age, height and weight, but that for the cross-sectional area of the rectus abdominis had no effective terms. The effect of each variable on moment arm length is shown in Fig. 1 using the polynomial equation when the rest of variables are assumed to have constant mean values for each gender.
Discussion
To assess the risk of work-related low back pain, which is the most common health problem at various work sites 13) , biomechanical methods are recommended 14) . According to the low back biomechanical model, the lumbar disc compression force and trunk muscle load depend on the moment arm length and cross-sectional area of trunk muscles 1, 15) . When considering individual differences, the effects of age and physique on the trunk muscle parameters should be clarified as much as possible. In this study, we measured the moment arm lengths and cross-sectional areas of the erector spinae and rectus abdominis of subjects across a wide age range (15 to 75 yr) of subjects, and analyzed the effects of the age and physique on the trunk muscle parameters. The direct effects of age, height and weight were found by simple linear models as shown in Table 2 , but it was still necessary to use a high-order polynomial statistical model to clarify those non-linear and interactive effects on the trunk muscle parameters. Although the multiple Fig. 1 . Effects of age, height and weight on moment arm lengths found by using the estimating equations in Table 3 . MALES: moment arm length of erector spinae, MALRA: moment arm length of rectus abdominis. A: age (yr), H: height (cm), W: weight (kg).
correlation coefficients of the models shown in Table 3 were relatively small, like those in other papers 7, 9) , the equations obtained could be useful in minimizing the effect of individual differences.
As shown in Fig. 1a , the moment arm lengths of both muscles increase with age in both genders, when the height and weight are constant. Kramer et al. 6) attributed this trend to a slackening of the muscles. The hyperplasia of bone with aging might be another reason for the elongation of the moment arm. Age was not related to the cross-sectional area for either gender. Based on these results, the reduction of back muscle strength with aging could be explained by the change in muscle quality due to aging.
Some studies have indicated that height was related to neither moment arm length nor cross-sectional area 6, 8, 9) . Our results partially supported this indication, as shown in Table 2 . The analyses using the model including polynomial interactions, but clearly indicated an effect of height on the moment arm length except for the female rectus abdominis as shown in Table 4 . Fig. 1b indicated that the moment arm lengths of the erector spinae and rectus abdominis of both genders increased, but that of the rectus abdominis of males decreased with height. For the rectus abdominis, tall but slim males have shorter moment arm lengths than short and obese males as shown in Fig. 1b and 1c .
Weight was related to the moment arm length and cross-sectional area, except for the female rectus abdominis. The moment arm enlarged with weight, as shown in Fig. 1c . For the rectus abdominis, the moment arm might be elongated for overweight people because of the increase in intra-abdominal volume caused by the increase in offal fat. Wood et al. 12) showed that the relative value of the cross-sectional areas of the rectus abdominis to the trunk cross-sectional area were smaller in obese males than those in lean males. They concluded that the trunk muscles become large with weight, but this is insufficient to compensate for the load increase caused by weight.
It was found that age, height and weight affect the values for the moment arm length and the cross-sectional area of the erector spinae and rectus abdominis. According to the biomechanical model, the lumbar disc compression force increases with trunk muscle activities and body weight 1) . The elongation of the moment arm length is effective in suppressing the compression force by reducing the muscle activities 1) . The increase in the crosssectional area of muscles, which is directly related to the increase in muscle volume, also reduces muscle activities because the higher volume muscles can generate the same contraction forces at lower muscle activities 15) . The elongation of moment arm and the increase in muscle volume corresponding to the increase in height and weight will therefore contribute to compensating for the increase in the lumbar disc compression force and muscle load caused by the increase in body weight. The increase in moment arm length with aging will also be good for reducing low back load in the aged, although the increase may not be an effective one, as Kumer 6) pointed out. Age did not affect the cross-sectional areas of muscles, but it is widely known that the back muscles weaken with age. Therefore, although the predicted values from the equations in this research could be used for biomechanical models, it is still necessary to consider the aging effect on muscle quality such as the degeneration caused by the deposits of fat and connective tissue 16, 17) . In this paper, the moment arm length and crosssectional area were measured at L3/4 because the MRI images at this level were optimal for identifying the muscle cross-sections. Kumar 6) measured the moment arms of the erector spinae and rectus abdominis at the seventh thoracic vertebra (T7) to L5 by CT scans, but they found no significant differences in the lengths among the levels. Chaffin et al. 9) measured both moment arms and cross-sectional areas of the muscles at L2/3 to L4/5 by CT scans. They also found no significant differences. Therefore, the predicted values obtained with our equations are applicable to the levels from L3 to L5.
The data used in this paper were measured while the subjects were supine. McGill et al. 18) stated that the moment arm lengths of the erector spinae and rectus abdominis measured while their subjects stood were 13% and 30% longer, respectively, than while they were supine. It may be better to apply their findings when using our equations.
